Like many other bacteria, Corynebacterium glutamicum possesses two types of L-malate dehydrogenase, a membrane-associated malate:quinone oxidoreductase (MQO; EC 1.1.99.16) and a cytoplasmic malate dehydrogenase (MDH; EC 1.1.1.37) The regulation of MDH and of the three membrane-associated dehydrogenases MQO, succinate dehydrogenase (SDH), and NADH dehydrogenase was investigated. MQO, MDH, and SDH activities are regulated coordinately in response to the carbon and energy source for growth. Compared to growth on glucose, these activities are increased during growth on lactate, pyruvate, or acetate, substrates which require high citric acid cycle activity to sustain growth. The simultaneous presence of high activities of both malate dehydrogenases is puzzling. MQO is the most important malate dehydrogenase in the physiology of C. glutamicum. A mutant with a site-directed deletion in the mqo gene does not grow on minimal medium. Growth can be partially restored in this mutant by addition of the vitamin nicotinamide. In contrast, a double mutant lacking MQO and MDH does not grow even in the presence of nicotinamide. Apparently, MDH is able to take over the function of MQO in an mqo mutant, but this requires the presence of nicotinamide in the growth medium. It is shown that addition of nicotinamide leads to a higher intracellular pyridine nucleotide concentration, which probably enables MDH to catalyze malate oxidation. Purified MDH from C. glutamicum catalyzes oxaloacetate reduction much more readily than malate oxidation at physiological pH. In a reconstituted system with isolated membranes and purified MDH, MQO and MDH catalyze the cyclic conversion of malate and oxaloacetate, leading to a net oxidation of NADH. Evidence is presented that this cyclic reaction also takes place in vivo. As yet, no phenotype of an mdh deletion alone was observed, which leaves a physiological function for MDH in C. glutamicum obscure.
Recently, we discovered the gene for a relatively unknown type of malate dehydrogenase called malate:quinone oxidoreductase (MQO; (EC 1.1.99.16) [also called "malate dehydrogenase (acceptor)"] (22) . Like the NAD-dependent malate dehydrogenase (MDH; EC 1.1.1.37), MQO catalyzes the oxidation of malate to oxaloacetate. The enzyme is membrane associated, probably through weak ionic or hydrophobic interactions. Tightly bound flavin adenine dinucleotide serves as a prosthetic group, and quinones instead of NAD are the electron acceptors of the enzyme. The quinones are subsequently oxidized by the electron transfer chain. These properties place MQO, like succinate dehydrogenase (SDH), both in the electron transfer chain and in the citric acid cycle. The existence of MQO as an enzymatic entity was first proven in 1956 (8). MQO activity was since then observed in several bacteria, both gram positive and gram negative (see references cited in reference 22) but not in archaebacteria or eucaryotes. After identification (for the first time) of a DNA sequence encoding an MQO in Corynebacterium glutamicum, it was found that similar sequences with, until then, unknown function existed in many other bacteria (see Fig. 1 in references 16 and 22) .
C. glutamicum possesses both MQO and MDH. Moreover, as shown below, these enzymes are simultaneously present and active. As a consequence of the fact that the electron acceptors of MDH and MQO differ, the Gibbs standard free energy differences (⌬G°Ј) of the reactions catalyzed by these enzymes are also very much different. The ⌬G°Ј of malate oxidation by MDH has a highly positive value of ϩ28.6 kJ ⅐ mol Ϫ1 , whereas the ⌬G°Ј of this reaction catalyzed by MQO is Ϫ55.0 or Ϫ18.9 kJ ⅐ mol Ϫ1 depending on whether ubiquinones or menaquinones, respectively, act as acceptors. A consequence of the large difference in ⌬G°Ј would be that MDH and MQO, when active at the same time, catalyze reactions in opposite directions as follows: ( Here MQ and MQH 2 represent oxidized and reduced menaquinone, respectively. The numerical values are ⌬G°Ј in kilojoules per mole. The net reaction equals that of a non-protonpumping NADH:quinone oxidoreductase (type II NADH dehydrogenase or NDH). This cycle could serve as an additional NADH dehydrogenase or could be involved in regulation of malate or oxaloacetate concentrations. In the present paper, we show that this reaction cycle occurs with isolated membranes and purified MDH of C. glutamicum, and we present evidence that the cycle also occurs in vivo. Furthermore, the physiological function of MQO and MDH was assessed by studying their regulation and the effect on growth of deletion of their genes. These studies are of general interest for bacterial physiology since genes encoding MQO and MQO activity have been found in many gram-positive and -negative bacteria.
MATERIALS AND METHODS
Strains, growth, and media. Plasmids and strains used in this study are listed in Table 1 . C. glutamicum was cultivated at 30°C.
Tryptone-yeast extract medium (2 ϫ TY) was described before (29) . The design of the minimal medium used in this study was based on minimal media for Corynebacterium described in other studies (17, 18) , and on the Neidhardt minimal medium for enterobacteria (23) . It was modified to optimize growth rate, to guarantee pH stability over a long period of growth, and to prevent the formation of precipitates, thereby correcting three major disadvantages of minimal media previously used for growth of C. glutamicum. A fourth advantage of this medium, which proved instrumental in the discovery, described below, of the nicotinamide-dependent growth of the ⌬mqo mutant, is the fact that it reproducibly allows growth of C. glutamicum after inoculation at very low cell densities.
Two trace-element solutions, TE1 and TE2, were prepared as described previously (22) . The minimal medium consisted of (per liter) 8. 4 Cl, and KCl were prepared together as a 10-fold concentrated stock solution. The other components were prepared individually as 100-fold concentrated stock solutions, except for protocatechuate, which was added in dry form during medium preparation, and biotin, which was stored at Ϫ20°C as a 1,000-fold stock solution. The EDTA stock solution was titrated to pH 7 with NaOH. The medium (1 liter) was prepared by first diluting 100 ml of the solution containing MOPS, Tricine, NH 4 Cl, and KCl and 10 ml of the EDTA solution in 700 ml of distilled water. Subsequently, 3 ml of TE1 and 1 ml of TE2 were added, and finally all other components were added. The medium was titrated to pH 7.0 with NaOH, the volume was adjusted to 900 ml with water, and the medium was filter sterilized. Carbon and energy sources were added from 10-fold concentrated and filtersterilized stocks. If necessary, these stocks had been adjusted to pH 7 with NaOH. For the preparation of minimal medium agar plates, the medium was prepared twofold concentrated and was mixed with an equal volume of autoclaved liquid agar (30 g/liter of water).
For growth measurements, a colony was suspended in 2 ml of minimal medium without carbon source. A few microliters of this suspension was transferred with an inoculating loop to 2 ml of minimal medium with carbon source. These cultures were used to establish whether mutants were able to grow or were used as a preculture for measurements of growth rate on the corresponding carbon sources. In the latter case, the preculture was diluted to a final optical density at 600 nm between 0.05 and 0.1 into 10 ml of minimal medium with carbon source in a 50-ml conical flask. The air contact-surface/volume ratio in these flasks at rest was 2 cm 2 /ml. The culture was incubated in a rotary shaker at 200 rpm.
Under these conditions, growth was exponential at least up to an optical density of 10. The growth rate was calculated by least-squares fitting of the exponential growth equation to the data. Purification of MDH. MDH was purified from raw cell extract in four steps: a streptomycinsulfate precipitation, an anion-exchange purification, and a dye affinity purification repeated twice. Wild-type C. glutamicum was cultivated for 16 h in 400 ml of 2ϫ TY medium. The cells were harvested, washed twice in 50 mM K-phosphate (pH 7.5) with additional 1 mM dithiothreitol and 2 mM EDTA, and resuspended in the same buffer at a concentration of 0.25 g (wet weight)/ml (total volume approximately 20 ml). The suspension was passed three times through a French press cell at 165 MPa. Cell debris was removed by centrifugation for 10 min at 75,000 ϫ g and 4°C. A 10% (wt/vol) streptomycinsulfate solution was slowly added, while being stirred, to the supernatant up to a final concentration of 0.75%. The extract was left on ice for 15 min and subsequently centrifuged for 10 min at 15,000 ϫ g and 4°C. The clear supernatant was transferred to dialysis tubing and was dialyzed twice for 1.5 h at 4°C against 1 liter of 10 mM K-phosphate (pH 7.5) with additional 1 mM dithiothreitol and 2 mM EDTA (buffer A). The dialysate was cleared by centrifugation for 15 min at 75,000 ϫ g and 4°C. It contained approximately 10 mg of protein/ml.
For anion-exchange chromatography, a Resource-Q column (Pharmacia) with a 1-ml column volume was used. Purification was performed at 4°C. The column was loaded with 15 mg of protein and washed with 4 ml of buffer A. The protein was eluted with a linear NaCl gradient, from 0 to 1 M, in buffer A and with a total volume of 15 ml. MDH activity eluted from the column at approximately 0.5 M NaCl. The fractions containing more than 10% of the total MDH activity were combined and desalted by gel filtration on a PD-10 column (Pharmacia).
Affinity chromatography was performed with the dye ligand reactive brown 10 cross-linked to agarose (Sigma). A column with a volume of 2.5 ml was loaded with 10 mg of protein or less and was subsequently washed with 6 column volumes of 10 mM K-phosphate (pH 7.5). MDH was eluted with the same buffer supplemented with 1 mM NADH. The MDH preparation was desalted by gel filtration on a PD-10 column, and the dye affinity purification and desalting were repeated once more. The resulting MDH preparation was concentrated using a centrifugal filter device with a 10-kDa cutoff filter (Amicon). The preparation contained only one protein of 33 kDa as judged by sodium dodecyl sulfatepolyacrylamide gelelectrophoresis of 50 g of protein and subsequent staining with Coomassie brilliant blue. To stabilize the MDH activity, bovine serum albumin (1-mg/ml final concentration) was added, and the preparation was stored at Ϫ20°C. Under these conditions, the activity did not significantly decrease over at least 3 months.
Construction of site-directed mutants. A defined chromosomal deletion of the mqo gene was constructed as follows. A 3,174-bp DNA fragment excised from pRM30 (22) using SalI and XbaI containing the 1,500-bp open reading frame (ORF) encoding MQO was inserted into the integration vector pK19MobSacB using the same enzymes. Preceding this ligation, the HindIII site had been removed from the vector by filling in using T4 DNA polymerase. The resulting plasmid, pK19MI1, was partially digested with HindIII. By religation, the 766-bp SalI/HindIII fragment containing the 5Ј end of the mqo gene and the 1,341-bp HindIII/XbaI fragment containing the 3Ј end of the mqo gene were joined to form an mqo ORF with a 1,067-bp internal deletion. The resulting plasmid, pK19MI3, was used to replace the mqo gene in wild-type C. glutamicum according to the procedure of Schäfer et al. (30) . Success of the deletion procedure was checked by PCR of the chromosomal template. The resulting ⌬mqo strain did not possess detectable MQO activity as measured with 2,6-dichlorophenolindophenol (DCPIP) as the electron acceptor.
Insertion mutants of the ndh gene were constructed as follows. A 0.39-kbp fragment of the ndh gene was amplified from chromosomal DNA of the wild type by PCR with degenerative primers designed to hybridize with conserved stretches in known ndh genes. The primers used were 5Ј-CCGCTGCT(G/C)TA CCA(A/G)GTGGC-3Ј and 5Ј-CCGGT(G/C)GGGCC(A/C)GC(G/C)CCGAC-3Ј. Annealing was performed at 53°C. The fragment was cloned in vector pBluescript II SK(ϩ) opened with EcoRV. An 0.34-kbp BamHI fragment isolated from this plasmid was cloned into pEM1. The resulting plasmid, pEMndh int , was used to create insertion mutants in C. glutamicum wild-type and ⌬mqo strains by the simplified transformation protocol described in the work of Van der Rest et al. (39) , resulting in strains ndh::pEMndh int and ⌬mqo ndh::pEMndh int , respectively. Other parts of the ndh gene were cloned by plasmid rescue (24) from the ndh::pEMndh int insertion mutant (R. Yücel, unpublished results). These fragments were sequenced on both strands.
Insertion mutants of the mdh gene encoding cytoplasmic MDH (EC 1.1.1.37) were constructed as follows. A 0.47-kbp fragment of the mdh gene was amplified from chromosomal DNA of the C. glutamicum wild-type strain by PCR with degenerative primers. One primer was designed using the N-terminal amino acid sequence of the purified MDH protein from C. glutamicum (A. Drysch, unpublished results). The other primer was designed to hybridize with a conserved stretch in known mdh genes. The primers used were 5Ј-AA(AG)GT(CT)AC(C T)GT(CT)AC(CT)GG(CT)-3Ј and 5Ј-CG(AG)TT(AG)TG(AG)TC(AGC)A(A G)(AG)CG-3Ј. Annealing was performed at 63°C. The amplified fragment was cloned in vector pBluescript II SK(ϩ) (Stratagene) opened with EcoRV. The fragment was excised from this plasmid with BamHI and HindIII and cloned in vector pEM1 opened with the same enzymes. The resulting plasmid, pEMmdh int , was used to create insertion mutants in C. glutamicum wild-type and ⌬mqo A defined chromosomal deletion of the mdh gene was constructed as follows. A 1,503-bp DNA fragment containing the 984-bp mdh ORF was amplified using the oligonucleotides 5Ј-GTGGATCCTGCGCTTGGACATGCCAG-3Ј and 5Ј-CGCTCTAGATTAGAGCAAGTCGCG-3Ј. The first oligonucleotide introduces a BamHI site 505 bp in front of the mdh ORF, and the second introduces an XbaI site 4 bp following the TAA stop codon of the mdh ORF. The amplified fragment was digested with BamHI, XbaI, and XhoII. The XhoII digestion removes a 395-bp internal fragment from the mdh ORF. By religation, a 645-bp BamHI/XhoII DNA fragment containing the 5Ј end of the mdh ORF and a 456-bp XhoII/XbaI DNA fragment containing the 3Ј end of the mdh ORF were joined to form an mdh ORF with a 395-bp internal deletion. This fragment was inserted into the integration vector pK19MobSacB opened with BamHI and XbaI. The resulting plasmid pK19⌬mdh was transformed by electroporation into wild-type C. glutamicum (39) . Deletion mutants of mdh were selected according to the procedure described above for mqo deletion mutants. The resulting ⌬mdh strain did not possess detectable MDH activity. The ⌬ndh int mutation was introduced in this strain as described above for the wild type.
Measurement of the membrane-bound dehydrogenase activities. Cultures growing exponentially on 50 ml of minimal medium with carbon source were placed on ice for 10 min after reaching an optical density at 600 nm between 2 and 3. They were centrifuged for 5 min at 4,000 ϫ g and 4°C. The supernatant was discarded, and the pellets either were frozen in liquid nitrogen and stored at Ϫ20°C or were processed immediately. Membrane fragments were isolated from these cells as described before (22) . The activities of the dehydrogenases for NADH, D-or L-malate, D-or L-lactate, and succinate associated with these membranes were measured with DCPIP as an electron acceptor and in the presence of a 1 mM concentration of the substrate (22) . NADH dehydrogenase activity was also measured by observing the decrease in absorption at 340 nm over a certain period. The absorption coefficients used were 22 and 6.3 cm Ϫ1 ⅐ mM Ϫ1 for DCPIP and NADH, respectively. Measurement of intracellular NAD and NADH concentrations. Cells were extracted by thoroughly mixing 1 ml of culture with either 1 M HClO 4 or 1 M KOH containing 50% ethanol. The final pH of the extracts was 1 and 12.4 for the acid and alkaline extracts, respectively. The acid and alkaline extracts were incubated at 55°C for 8 and 5 min, respectively. They were subsequently cooled on ice and carefully neutralized with 2 M KOH or 1 M HCl. The concentration of the pyridine nucleotides in the extracts was measured with the cycling assay (6), and intracellular concentrations were calculated by assuming an intracellular volume of 1.5 l ⅐ mg Ϫ1 (dry mass). The dry mass was estimated by measuring the optical density at 600 nm and assuming that an optical density equal to 1 corresponds to 0.34 mg (dry mass) ⅐ ml Ϫ1 (28) . Measurement of cytoplasmic malate and lactate dehydrogenases. Exponentially growing cells (50 ml of medium; optical density at 600 nm between 2 and 3) were harvested and washed with 50 mM K-phosphate, pH 7.5, as described above and resuspended in 0.7 ml of this buffer. The cells were broken by sonication for 5 min on ice with a Branson B15 sonifier, equipped with a microtip at a 30% duty cycle and 30% of maximal output. Debris was removed by centrifugation for 15 min at 28,000 ϫ g. The MDH activity in the extract was measured in the direction of malate oxidation or oxaloacetate reduction according to the method of Smith (35) , except that 3-amino-1-propanol instead of diethanolamine was used as a buffer. D-or L-lactate dehydrogenase was measured in the direction of lactate oxidation as described by Wahlefeld (40) .
Measurement of extracellular organic acids. Organic acids produced by cultures were quantified by chromatography of the culture supernatant in 5 mM H 2 SO 4 on a 300-by 8-mm organic acid resin column (Chromatography Service). The identity of the acids was confirmed by standard enzymatic assays of the culture supernatants (5).
Protein determination. Protein was determined with bicinchoninic acid according to a protocol adapted from the work of Smith et al. (36) . When protein was determined in membrane fragment preparations, the assay solution contained an additional 0.5% (mass/vol) sodium dodecyl sulfate.
Nucleotide sequence accession number. The complete sequence of the ndh gene has been deposited in the EMBL data bank under accession no. AJ238250.
RESULTS
Activity of NADH, succinate, and malate dehydrogenases during growth on various substrates. The activities of the membrane-bound dehydrogenases, NADH dehydrogenase, SDH (EC 1.3.99.1), and MQO, differ, depending on the carbon and energy source (Fig. 1) . The citric acid cycle (or tricarboxylic acid [TCA] cycle) enzymes MQO and SDH are more active during growth on L-lactate, acetate, and pyruvate. For example, MQO and SDH activities are, by a factor of 3.4 (Ϯ0.4) and 1.8 (Ϯ0.1), respectively, higher during growth on acetate than on glucose. The cytoplasmic MDH is regulated in a similar manner, and a positive correlation between MDH and MQO activities is observed (Fig. 1) . Thus, it is shown that MDH and MQO are present at the same time in C. glutamicum and that their activities are coordinately regulated.
NADH dehydrogenase is regulated differently from these TCA cycle enzymes. Its activity might be partly correlated with the degree of reduction of the substrate. The dependency on the degree of reduction of the substrate is apparent from the very high activity found in cells growing on mannitol. Complete oxidation of this substrate generates an extra reducing equivalent (NADH) compared to oxidation of glucose or fructose.
Properties of the ⌬mqo mutant. An MQO-negative mutant (DM22) generated by random mutation with 1-methyl-3-nitro-1-nitrosoguanidine (NTG) was described before (22) . The mutant grew more slowly than the wild type on several substrates tested (D. Molenaar, unpublished data). This phenotype allowed the cloning of the mqo gene by complementation. Sequencing of the mqo gene from DM22 confirmed the existence of a deleterious mutation, consisting of a single base-pair mutation leading to an internal stop codon. However, since the plasmid-borne mqo gene was not able to fully complement the phenotype, it was suspected that DM22 might carry additional mutations. This is not uncommon in strains generated by NTG mutagenesis. Therefore, to be able to discern the physiological effects of the deletion of mqo alone, a site-directed mutant, ⌬mqo, was constructed. Assaying for MQO activity confirmed its absence in this strain.
This mutant does not grow on the minimal medium described in Materials and Methods, except when nicotinamide is added (Fig. 2) ficient to let ⌬mqo attain the same optical density as that of the wild type after 48 h of incubation. Still, even in the presence of 1 mg of nicotinamide liter Ϫ1 , ⌬mqo grows more slowly than the wild type. During growth on glucose, a small but significant reduction of the growth rate by approximately 10% was observed. The defect was very pronounced in the case of growth on acetate (75% reduction) or pyruvate (40% reduction), substrates during growth on which the MQO activity is relatively high (Fig. 1) . The activities of the NADH dehydrogenase, SDH, and MDH in strain ⌬mqo do not differ significantly from those in the wild type when grown on the substrates referred to in Fig. 1 (data not shown) .
Properties of the ⌬mdh single and the ⌬mdh ⌬mqo double mutants. Insertion mutations of the mdh gene were made in the wild type and in ⌬mqo. The single mutant ⌬mdh did not have an observable phenotype when tested for growth on glucose, fructose, lactate, acetate, or succinate, neither when growth on plates was scored nor when the growth rate in liquid medium was measured. The ⌬mdh ⌬mqo double mutant, however, was unable to grow on these substrates in defined medium, even in the presence of nicotinamide (Fig. 2) . This indicates that MDH is able to complement the absence of MQO activity but only when ⌬mqo is supplied with nicotinamide. Apparently, the function of MQO, that is, the oxidation of malate to oxaloacetate, is taken over by MDH in these cells. An obvious reason for the nicotinamide dependence of ⌬mqo would be that it leads to an increased concentration of NAD in the cell, enabling MDH to oxidize malate. As can be seen in Table 2 , addition of nicotinamide indeed causes an increase in intracellular NAD and NADH concentrations. Although the [NAD]/[NADH] ratio decreases from 4.4 in the absence of nicotinamide to 2.8 at 1 mg of nicotinamide liter Ϫ1 , the sevenfold increase of the NAD concentration might have a favorable effect on the kinetics of MDH which suffices to enable malate oxidation by the enzyme. The low growth rates of ⌬mqo even in the presence of nicotinamide are, nevertheless, indicative of the difficulties the organism has with this backup solution, which are likely to be due to the unfavorable thermodynamics of the reaction.
Properties of the ⌬ndh int single and the ⌬mqo ⌬ndh int and ⌬mdh ⌬ndh int double mutants. C. glutamicum possesses highly active membrane-bound NADH dehydrogenase (Fig. 1) . In order to gain evidence for the hypothesis that MQO and MDH catalyze opposite reactions in the citric acid cycle and consequently catalyze a net NADH dehydrogenase reaction, the membrane-bound NADH dehydrogenase had to be inactivated. For this purpose, we disrupted the ndh gene, which encodes a type II NADH dehydrogenase, expecting that possibly also a nuo homolog, encoding type I NADH dehydrogenase, might have to be disrupted. However, membranes isolated from strains carrying the ndh disruption, when grown on 2ϫ TY medium, did not possess detectable NADH dehydrogenase activity, neither when assayed with DCPIP nor when NADH consumption was observed directly by measuring the absorption at 340 nm. This indicates that a type II NADH dehydrogenase (NDH), the non-proton-pumping enzyme encoded by the ndh gene, is under these conditions the only active membrane-bound NADH dehydrogenase. This mutant grows at a slightly lower rate than does the wild type (Table 3) .
Escherichia coli mutants lacking both type I and II membrane-bound NADH dehydrogenases have clear phenotypes (7, 42) . Since they are unable to regenerate NAD by respiration, these mutants grow mainly fermentatively and excrete large amounts of lactate (41) . They are also unable to grow on mannitol, since fermentative growth on this substrate is not possible. As a diagnostic indicator of the absence of NADH dehydrogenase activity, growth of the C. glutamicum double mutant ⌬mqo ⌬ndh int was tested on mannitol. Although this mutant lacked all known NADH dehydrogenase activities, it did grow slowly on mannitol. It also did not excrete lactate during growth on glucose. An explanation for this phenomenon would be that, similar to the MQO-MDH cycle, a cyclic reaction involving lactate and pyruvate catalyzed by an NADdependent lactate dehydrogenase and membrane-bound quinone-dependent lactate dehydrogenase could constitute an alternative NADH dehydrogenase (see Discussion). In the ⌬mqo, ⌬ndh int , and ⌬mqo ⌬ndh int strains, the membrane-bound Llactate dehydrogenase was more active than in the wild type by a factor of 1.5, 1.8, and 2.3, respectively. Neither the membrane-bound D-lactate dehydrogenase nor the cytoplasmic lactate dehydrogenase activities were increased in these strains. A significant difference of ⌬mqo ⌬ndh int from the single mutants was that it excreted fumarate and malate to high concentrations (Table 4 ). This may be explained by assuming that the TCA cycle is almost completely blocked in the double mutant due to the fact that the MQO is absent and that the backup function of MDH is restricted by high NADH concentrations due to the absence of NADH dehydrogenase.
The fact that only the double mutants ⌬mqo ⌬ndh int and ⌬mdh ⌬ndh int display a clear temperature-sensitive phenotype (Fig. 3) is indirect evidence for the limited NADH dehydrogenase capacity in this mutant compared to the single mutants. For the interpretation of these results, an observation for Mycobacterium smegmatis is of importance. In M. smegmatis, a bacterium containing MQO as the only malate dehydrogenase, the disruption of ndh causes growth inhibition at high temperatures (21) and also causes isoniazid resistance. Isoniazid sensitivity and temperature resistance can be restored by introducing MDH from the closely related Mycobacterium bovis in It has been proposed by others that membranes of C. glutamicum also possess an NADPH dehydrogenase activity with an optimum at pH 5.5 (20) . We could measure a similar activity in our assay system at pH 7. However, NADPH dehydrogenase activity was completely absent in the ⌬ndh int mutant. This result indicates that NADPH dehydrogenase is a minor activity of NDH and is not likely to be due to a separate NADPHspecific dehydrogenase, as was proposed by Matsushita et al. (20) .
Properties of purified MDH. Assaying malate oxidation by MDH is usually performed at high pH, since, the proton being a product of the reaction, the free energy difference is more favorable under these conditions than at neutral pH. Of course, for the physiological function the activity of the enzyme at neutral pH is of interest. Although malate oxidation with NAD as the electron acceptor is thermodynamically unfavorable, an MDH might still be able to catalyze malate oxidation at a substantial rate under the proper conditions, i.e., relatively low NADH and oxaloacetate concentrations. The assay of malate oxidation by MDH quickly runs into equilibrium at pH 7.5, as early as attainment of 2 M oxaloacetate and NADH in the assay used here with starting concentrations of 1 mM malate and 0.1 mM NAD. This amount of NADH is hardly detectable, and therefore, in the simple assay at pH 7.5 no malate oxidation by purified MDH was observed. A low activity of maximally 18 U ⅐ mg Ϫ1 was observed only when a sink for oxaloacetate in the form of glutamate oxaloacetate transaminase together with glutamate was added to the reaction mixture. On the other hand, the rate of oxaloacetate reduction catalyzed by MDH at pH 7.5 is 770 U ⅐ mg Ϫ1 . At pH 9.5, the specific activities were 60 and 1,020 U ⅐ mg Ϫ1 for malate oxidation and oxaloacetate reduction, respectively.
MDH from C. glutamicum was also able to catalyze the NADPH-dependent reduction of oxaloacetate. Similar observations with respect to pyridine nucleotide specificity have been made previously for other MDHs (4) .
In vitro reconstitution of the cyclic reaction between MDH and MQO. Membranes isolated from the ⌬ndh int mutant have no observable NADH dehydrogenase activity (Fig. 4) . When malate and purified MDH from C. glutamicum are added to these membranes, an apparent NADH dehydrogenase activity can be observed. This activity is dependent on the presence of MQO, since the reaction could not be reconstituted with membranes from the double mutant ⌬mqo ⌬ndh int .
Since MDH also catalyzes the NADPH-dependent oxaloacetate reduction, an apparent NADPH dehydrogenase activity could also be reconstituted with the system (data not shown).
Inhibition of SDH by oxaloacetate. Oxaloacetate is a known inhibitor of a number of enzymes in central metabolism, notably of SDH, for which examples exist in procaryotes as well as eucaryotes (2) . The possible role of MQO and MDH in controlling the cytoplasmic oxaloacetate concentration prompted us to study the effect of oxaloacetate on SDH in C. glutamicum. The Michaelis constant for succinate of C. glutamicum SDH is approximately 20 to 30 M. The modulation of SDH by oxaloacetate is complex but is basically a competitive type of inhibition (2) . From the results of inhibition experiments, a competitive inhibition constant by oxaloacetate of 0.15 to 0.22 M could be deduced. This illustrates the potential importance of oxaloacetate as a regulator of TCA cycle activity in C. glutamicum.
The inhibition of MQO by oxaloacetate was also assessed. A significant effect of oxaloacetate was observed only at very high concentrations, with the activity inhibited by 50% at 8 mM oxaloacetate. Based on the equilibrium constant for the MDHcatalyzed reaction, such high free oxaloacetate concentrations can hardly be expected in the cell (see Discussion). Therefore, the inhibition of MQO by oxaloacetate is probably not of physiological significance.
DISCUSSION
The observation of in vitro NADH dehydrogenase activity catalyzed by MQO and MDH and the observation of the temperature sensitivity of the ⌬mqo ⌬ndh int double mutant support the hypothesis that MQO and MDH catalyze opposite reactions in vivo. More evidence is supplied by two observations from the literature. A study by Miesel et al. (21) indicated that isoniazid resistance in M. smegmatis is often associated 
Nicotinamide was added to a concentration of 1 mg/liter. b Symbols: ϩϩϩ, large colonies; ϩϩ, small colonies; ϩ, tiny colonies; ϩ/Ϫ, growth visible only in regions of dense inoculation; Ϫ, no growth. (12) . Also in this case, the oxidation of a 2-hydroxy acid is involved, and the standard free energies of the reactions are comparable to those of the respective malate dehydrogenases. The NAD-dependent oxidation of lactate has a positive ⌬G°Ј (equal to ϩ25.0 kJ ⅐ mol Ϫ1 ) whereas the ubiquinone-dependent reaction has a negative ⌬G°Ј (equal to Ϫ58.6 kJ ⅐ mol Ϫ1 ). Consequently, the physiological function of the NAD-dependent lactate dehydrogenase is in most cases to reduce pyruvate, whereas the quinone-dependent enzyme is exclusively involved in the oxidation of lactate. The gene (dld) encoding D-lactate: quinone oxidoreductase in E. coli was accidentally cloned in an attempt to clone the ndh gene. When overexpressed from a plasmid, dld was able to complement the phenotype of an ndh mutation (41 (10) . Assuming a malate concentration on the order of 10 Ϫ3 M, the oxaloacetate concentration under these conditions would have to be on the order of 10 Ϫ8 M or less. Oxaloacetate is an important precursor in gluconeogenesis and in the synthesis of amino acids of the aspartate branch. Furthermore, it is the substrate of citrate lyase in the citric acid cycle. A very low oxaloacetate concentration might cause a growth limitation by limiting the reaction rates of one or more enzymes using oxaloacetate as a substrate. Higher levels of MDH would not improve this situation because the oxaloacetate concentration would be limited by the equilibrium of the MDH reaction. The problem of the unfavorable equilibrium of the MDH-catalyzed malate oxidation has been recognized before, and an alternative solution in the form of substrate channeling has been proposed for mitochondria. Here the reactant oxaloacetate or NADH would be transferred directly from MDH to citrate synthase or NADH dehydrogenase, respectively, thus directly coupling a reaction with an unfavorable ⌬G°Ј to one with a favorable ⌬G°Ј (9, 11, 27, 37) . The fact that the biosynthetic and energy-generating pathways take place in separate compartments may also provide part of the solution for this problem in eucaryotes.
Using an MQO instead of an MDH may allow an organism to attain a high TCA cycle flux independently of the NADH/ FIG. 3. Temperature-sensitive phenotype of ⌬mqo ⌬ndh int and ⌬mdh ⌬ndh int double mutants. The strains were streaked on 2ϫ TY agar, and plates were incubated for 3 days at the temperatures indicated. Strains with the integration disruption ⌬ndh int (upper halves) were streaked on plates containing an additional 25 g of kanamycin ml
Ϫ1 to prevent the growth of revertants.
FIG. 4.
In vitro reconstitution of NADH dehydrogenase activity using membrane fragments and purified MDH. Membrane fragments were isolated from cells grown on 2ϫ TY medium with 1% (wt/vol) glucose. Absorption by NADH was recorded at 340 nm. The reaction mixture contained 50 to 150 g of membrane protein per ml, 0.2 mM NADH, and where indicated 175 ng of purified MDH ml
Ϫ1
. The reaction was started by adding 1 mM malate.
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C. GLUTAMICUM MALATE DEHYDROGENASESNAD and malate/oxaloacetate ratios. Thus, MQO may be of importance for a robust TCA cycle flux under adverse conditions. Such conditions could be low electron acceptor concentrations, limiting concentrations of carbon sources, or growth on carbon sources requiring a high TCA cycle flux for the generation of metabolic energy. In C. glutamicum, MQO is important during growth on organic acids, in particular, acetate, as reflected by its high activity and the severe effect on growth of an mqo deletion. Similarly, it was noticed that mqo disruption in Pseudomonas fluorescens impaired its ability to colonize tomato roots (L. C. Dekkers, personal communication). Under these circumstances, this organism probably grows on organic acids excreted by the plant (19) . Nevertheless, bacteria like E. coli are able to attain a high growth rate on acetate using MDH (accompanying paper). This may, however, require more restricted and optimized conditions, in particular of aeration, to maintain a high TCA cycle flux rate. Another situation in which an organism might benefit from the use of an MQO is when it faces continuous or occasional low intracellular pH. The MDH reaction produces a proton, and therefore its ⌬G°Ј becomes even more unfavorable at low pH. This situation might, for example, apply to Helicobacter pylori (16) .
Energetically, the subsequent reactions of malate oxidation by MDH and NADH oxidation by NDH are equivalent to the MQO reaction alone, because the net reactions are the same. The situation would be different when an organism expresses the proton-pumping (type I) NADH dehydrogenase because then, in the net reaction, protons would be pumped by MDH and the type I NADH dehydrogenase, making in principle more metabolic energy available than with the MQO reaction. However, this energy gain might be possible only at the expense of a low oxaloacetate concentration, as explained above.
In bacteria like M. smegmatis (26) , H. pylori (16) , Neisseria meningitidis (13, 38) , and several Pseudomonas species (25) , which possess only MQO and no (known) MDH, the function of MQO seems clear. In those species, it is the only enzyme which is able to directly oxidize malate to oxaloacetate in the TCA cycle. However, the presence of two malate dehydrogenases as in C. glutamicum, E. coli, and many other bacteria, is puzzling (3, 8, 14, 15) . In some cases, like that of E. coli (see accompanying paper), the activity of MQO may not be high enough to be of importance or may be induced only under special conditions. However, as shown above in C. glutamicum MDH and MQO activities are high and coordinately regulated on different carbon and energy sources. This suggests a similar or cooperative metabolic function of MDH and MQO. However, whereas the deletion of mqo is deleterious in this species, the fact that deletion of the mdh gene in C. glutamicum has no effect on growth indicates that the latter has no physiological function under the circumstances tested. Consequently, although it is very likely that MQO and MDH catalyze opposite reactions, neither the oxidation of NADH nor the potentially regulatory role of the cycle in regard to oxaloacetate and malate concentrations seems to be of importance. It was shown that in an MQO deletion strain MDH can take over the function of MQO when the cells are supplied with sufficient nicotinamide. This implies that, under circumstances where MQO does not function, MDH might serve as a backup.
